Design Feature 




A power-factor-corrected 
power supply allows more 
instruments to plug into a 
single outkt which is an 
important consideration for 
both industrial and mecUcai 
settings. Power-factor correc- 
tion also ensures adherence 
to international harmonic- 
current regulations. 
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High-frequency switching power sup- 
plies exist in nearly every home, office, 
and hospital room. Hospital admissions 
groups, ICUs, operating rooms, labora- 
tories, and patient rooms use an 
increasing number not only of PC prod- 
ucts, but also of other instrumentation 
that uses switching power supplies. 

Unfortunately, switching power sup- 
plies, which pull current in narrow, 
high-amplitude pulses rather than sinu- 
soidally from the ac mains, cause power 
disturbances at the ac power source. 



( @a glance 

• Power-factor correction reduces 
rms currents and allows more 
equipment to operate from 15A 
service. 

• It is likely that, within two years, 
power-factor correction may be 
critical to meeting international 
standards. 

• The size of the power supply 
determines whether the correc- 
tion stage can comprise a simple 
LC filter or a more complex active 
design. 



These disturbances, in the form of cur- 
rent pulses with significant harmonic 
content, can cause anything from a 
product's failure to meet international 
regulatory standards for harmonic con- 
tent to an actual fire in an office, hospi- 
tal, or industrial location. 

The use of power-factor correction 
significantly reduces these high peak 
currents and makes the supply appear 
as a linear load to the power system. 
Although PFC can ensure compliance 
with a regulatory specification, a sec- 
ond and significant reason exists to use 
power-factor correction: It allows a 
high-wattage system to draw less rms- 
input current, which in turn allows for 
plugging equipment into a ISA rather 
than a 20A service. Although modern 
offices, homes, and hospitals are cur- 
rently built with 20A service to the wall 
outlets, many estabMshed semces stttl 
have ISA breakers. 

In hospitals, there is an ever-increas- 
ing demand to have more and more elec- 
trical service at the bedside. A single 
patient can require a ventilator to deliv- 
er air and oxygen to the lungs, an IV 
pump to deliver prescribed fluids, a pulse 
oximeter to track metabolic functions, a 
CRT monitor to display critical wave- 
forms, and an ultrasound machine for 
an examination. Although there is. usu- 
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aily more than one outlet at a bedside^ 
these mitlets usually connect to tfie same 
secvice. With this burden on the electri- 
cal system at every bedside, it is critical 
for machines to be energy-efficient. 

Most engineers understand the dis- 
advantages of the ratftated and con- 



ducted electromagnetic noise associat- 
ed with the offMne switchers. Hcrwevef; 
many engineers do not have an appre- 
ciation of the power disturbance that 
switching power supplies cause. Switch- 
ing supplies pull current in narrow puls- 
es once every 8 msec for a 60-Hz line fre- 



quency rather than sinusoidally. These 
current pulses have stgnificant har- 
monic content, and the high-peak and 
in-phase currents of multiple supplies 
add up to create probtem*tic IK losses in 
the mains wiring. 
The international community rec- 



fEET INTERNATIONAL STANDARDS] 



Figure a 



You may not need power-factor correc- 
tion to reduce line current levels, but 
you may need it to receive your equip- 
ment's CE mark. lEC 1 000-3-2 was pub- 
lished in 1 995 and, like its predecessor 
EN60555-2, sets requirements for har- 
monic currents. The EN60555-2 docu- 
ment limited the applicability of the 
specification to nonprofessional de- 
vices. The lEC 1000-3-2 document is 
broader in scope, covering both profes- 
sional and nonprofessional mains- 
attached devices that draw current as 
high as 1 6A. 

The document sets current level max- 
imums out to the 40th harmonic. CEN- 
ELEC, the European Committee for Eiec- 
trotechnical Standardization, published 
lEC 1000-3-2 in 1995 as EN601 000-3- 
2, harmonizing it to the EMC directive. 
Compliance with this specification is 
imperative, but the effectivity date of 
the specification has been delayed once 
already. According to Robert Martin, 
senior technical manager with Intertek 
Testing Services (www.worldlab.com), 
the member states are currently negoti- 
ating the adoption of EN61 000-3-2 into 
law, and the expected effectivity date is 
early 2001. During this transition peri- 
od, manufacturers have the option of complying with 
EN60555-2 or EN61 000-3-2. Aithough medical devices are 
not now required to meet EN61 000-3-2, the specification is 
listed in the unpublished second edition of EN60601-1-2. Its 
acceptance date is also expected during 2001 . 

The odd-order harmonics that an uncorrected power sup- 
ply generate are particularly problematic to three-phase sys- 
tems with single-phase loads. Overheating of the neutral wires 
is a significant safety hazard. In an ideally balanced three- 
phase load, the currents in the neutral line cancel, yielding 
zero current. Even when the lines are unbalanced, there is 
some partial cancellation. If, however, the phased loads are 
switching supplies, no cancellation occurs. 

The existence of triplen, or third-order, harmonics causes 
hi^h neutraJ-^ufff n.t ''^?|% vv^^'cih |d4 'n series in the neytrgl 
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A flow chart in the lEC 1000-3-2 specification helps to determine the clftfsffi- 
cation of equipment. 

conductor. In three-phase wye-connected systems, each of 
the phases is 1 20° out from the other. The triplen harmonics 
are also 1 20° out of phase with the fundamental, The result is 
a neutral current that is higher than the individual phase cur- 
rents. Circuit breakers protect the wires in the individual 
phase circuits for overcurrent conditions, but there is no pro- 
tection for the neutral wires with the summing harmonic cur- 
rents. 

lEC 1000-3-2 addresses equipment with nominal line-to- 
neutral voltages of 220V and higher. The aim < tt le standard 
is to prevent power-control devices from generating low-fre- 
quency harmonics. It categorizes devices into four classes. The 
flow chart in Figure A aids in determining the equipment rlas- 
sification: Figure B shows the "special waveshape" for Class 
D equijpment. 
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0gnlres the- liJiraionic-cufrent pfoJj- 
iem, and the lEC 1000-3-2 specifica- 
tion establislies requirements that 
limit harmonic-current injection into 
the public supply system. lEC 1000-3- 
2 13 also broader in scope than its pie^ 
^©eisoi, lEC 555-2 (m« sidebar "Tie- 



par& to meet international standards.") 
Offline power supplies typically rec- 
tify the line voltage, and a voltage-dou- 
bler circuit stores the peak voltage. The 
doubler technique (Figure 1), v^hen 
conflgurcd for 120V ac, stores the posi- 
tive line peifc into o«if (apadtoi, <l^, 



and the negative line peak into anotiUS 
capacitor, Cj. When you configure. tJis 
doubler for a 240V ac input, both capac- 
itors charge at the same time. The resul- 
tant peak voltage is 1.414X240V^339V. 
With a 10% ripple voltage, the aver^ 
dc voltage Is then 122V. This vs}l^ is 



Table A— Limits for 
Class A Equipment 


Harmonic 
order 

(n) 


Maximum 
permissible 
liarmonic current 

(A) 


Odd harmonics 


3 


2.30 


5 


1.14 


7 


0.77 


9 


0.40 


11 


0.33 


13 


0.21 


15 &*£39 


0.15xlS/n 


Even harmonics 


2 


1.Q8 


4 


0.43 


' 5 


&.30 


8<n ^ 





Each class has unique limits. Class A 
(Table A) covers balanced three-phase 
equipment and ail others except those 
defined in specialized classes B, C, and 
D. For portable tools (Class B), which 
offer a low-duty cycle to the mains 



Table B — Limits for 
Class B Equipment 



Figure B 
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To classify equipment as Class D, lEC 1000- 2^2 defines a "special waveshape" 
of the envelope of the input current. 



power, the limit is 1 .5 times that of Class 
A. Table B lists limits for lighting equip- 
ment. Class C. Those devices that have a 
"special waveshape" and are not motor- 
drK^en or do not fit into Class A, B, or C 
are considered Class D (Table C). 

A medical product typically has an 
extended development cycle when 
compared with a technically equivalent 
industrial product because of 



the increased safety requirements and 
regulatory submissions. Because of the 
high development costs, a medical 
product will also see a longer life in the 
marl<et. The project manager of any 
mains-connected medical product cur- 
rently under development should 
strongly consider having lEC 1000-3-2 
as an applicable document for the sys- 
tem's power supply. 



Harmonic 
orifar 


Maximum permissible harmonic 
current expressed as a percent- 
age of the Input current at the 
4«(Ml»iite0tal fraquency (%) 


2 


1 


3 


30 -X* 


s _ 1 


10 


7 


7 


9 


5 


11<n<39 
(odd harmoics only) 


3 



* \ is the circuit power factor. 



Table C— Limits for Class C Equipment 



Harmonic order 

n 


Maximum permissible 
hurmonic current per watt 

(mA/W) 


Maximum permissible 
harmonic current 

(A) 


3 


i,4 


2.10 


5 


1.9 


1.14 


7 


T.O 


0.77 


9 


0.5 


0.40 


11 


Q.iS 


0.33 


1 3 <n S39 

(odd harmoics only) 


3-83/n 
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POWER-FACTOR CORRECTION 



the raw power that the converter uses to 
create the output supply voltages. 
Because the energy stored tn a capacitor 
ecpaals '/2 CV^, much smaller capacitors 
than those necessary for a linear supply 
can store the raw energy of the switch- 
ing supply. 

The capacitors charge near the peak 
of the voltage waveform. Conduction 
begins when the voltage level of the line 
rises above the voltage level in the 
capacitor (Figure 2). For a front-end 
system with minimal voltage ripple, the 
current flows into the capacitor near 
the very peak of the voltage waveform. 
The capacitor charge current ceases 
when the line voltage falls below the 
stored level. The wavefoim of the resul- 
tant current pulse is problematic 
because it is rich in harmonics and has 
a high rms value. The power system 
does not see a linear load but instead 
has to provide a series of current pulses. 

At this point, you may wonder what 
the issue is: The supply still uses the 
same average current from the power 
company, whether the capacitor 
Charges in 2 or 8 msec light? Un<jer- 
standing this issue leads to a full appre- 
ciation of power-factor correction. 

Take the case of input-filter capaci- 
tors that have a peak storage of 339V 
and a droop of 34V between charges 
due to a lA dc load from the converter. 
The capacitors charge during a 2-msec 
period, and when the voltage falls 
below the capacitors' stored voltage lev- 
ds, the capacitors supply power to the 
converter for 6 msec. 

You can determine the charge 
required to fill the capacitor using 
i=dq/dt, where i is the instantaneous 
current, q is in coulombs, and t is in sec- 
onds. For the steady-state current con- 
dition, I=Q/T. Therefore, Q=1AX6 
msec=6 mC. 

When the ac line must deliver this 
charge in 2 msec, the average current to 
charge each capacitor is 6 mC/2 
msec=3A, The total line current during 
the charge segment also includes the 
converter current, for a total of 4A. The 
fms value of a function is known as the 
"effeetlTO value" and is dtdliied « 



'RMS 



1 Jo 



As you can see from this equation, an 
increase in the function's magnitude 
disproportionately increases the nms 
value due to the squared term. You can 
approximate the rms current by assum- 
ing that the current pulse is sinusoidal 
during the 2-msec duration and inte- 
grating over the entire S-iasec period. 
For this example, the result of this cal- 
culation is 1.4A. The difference between 
1.4A rms and the converter-required 
lA-rms level demonstrates the increase 
of rms current that the short term and 
elevated amplitude of l^ljaiil^^ pulse 
causes. 

Requiring that energy flows into the 
capacitors during only 2 msec of the 8- 
msec period piaces an Increased burden 
on the ac-mains power system. The 
high current that flows during the 3- 
msec window can add with other 
devices on the same mains service, caus- 
ing high IR losses in the neutral wires. 
The finite source impedance of the ac 
system can also cause clipping at the 



peak of the sinusoidal ac-mains wave- 
form. Consequently, the building's 
wiring must be able to support more 
than double the rating of the equip- 
ment to maintain the expected voltage 
levels. Computer manufacturers have 
had to move from building to building 
because the company outgrew each 
building's power-system wiring. 

Power-factor basics 

Theoretically, power factor, PF, equals 
Cos&, where 6 is the phase difference 
between voltage and current. Although 
this power-factor definition is a nice 
rule of thumb, its application is limited 
to pure RLC circuits and generally to cir- 
cuits with slm^oidafl current and volt- 
age waveforms. 

Strictly speaking, power factor is the 
ratio of real power, P^, to appajsnt 
power, P^: 

p 

PF = -i. 




The front end of a switching power supply typically Implements a voltage-doubler 
tedmique. atldws for 120 or 240V-ac operation. 



Figure 2 
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Active power-factor correction aSds drcult complexity, but .htgli power faetot$ of 
0.97 to 0.99 are achievable. 



source must be stable to within approx- 
imately +25% to keep the fixed iadoe- 
tors from saturating. 

As previously discussed, the goal is 
for the maias power source to see a stau- 
soidal load current that appears resis- 
tive. Therefore, the requirements for an 
ideal power-factor-correction stage are 
known. The stage should appear as a 
resistive load to the ac line, pulling cur- 
rent sinusoidally and storing the power 
for the main converter so that the regu- 
lated voltage exists while the line volt- 
age iltnuS(MdaUy varies. 

Passive techniques 

Passive design approaches are appro- 
priate for applications with low power 
Iwels and when th* design of an exist- 
ing supply must remain the same. A 
common method to filter the harmon- 
ic currents is to use a passive LC filter 
(Figure 4). The LC filter can be effective 
if the line voltage, line frequency, and 
load are steady. If space allows, you can 
retrofit the filter into a design between 
the system breakei and the offlinE 
power supply. 

leraTJS* the inductor ini^ capadtor 
must filter low-frequency harmonics 
and allow 60-Hz current to pass, these 
components can be quite large. An 
additional penalty is that the PF may 
onty be 0.^ for the Simple LC 
approach. Further filtering with addi- 
tional resonant-pass circuits can 
improve the power factor. However, 
these passive iterations are load- and 
frequency-sensitive. 

This passive approach is common in 
small power supplies for which the 
capacitor and inductor aren't excessive- 
ly large and a power factor of 0.95 or less 
is acceptable. The passive approach has 
the advantage over the active approach 
in that its parts count is much smaller 
aisl tiig^fore hasa Msbet MUE 

Active PFC techniques 

You can design active power-factor 
correction into switching power sup- 
plies between the rectification diodes 
and main converter stage (Figure 5). 
The correction stage can easily achieve 
a power factor of 0.97 to 0.99. Although 
the parts count is higher than the pas- 
sive approach, the circMit is S!gnlQc9nt- 
ly smaller. 



This size difference results from the 
fact that power-factor controllers typi- 
cally operate at 20 to 300 kHz and there- 
fore require a much smaller choke ele- 
ment than in the passive +i»tpi«'- 
mentation. By using surface-mount 
components, power-supply companies, 
such as Resonant Power Technology Inc 
(respwrtech@worldnet.att.net), have 
been able to add power-factor-correc- 
tion stages to standard prodisCIS and 
not increase the overall size. 

Typically, the power-factor stage has 
a uniquely controlled boost topology. 
The circuit ftjll-wave rectifies the mains 
ac voltage and boosts the voltage to 
400V dc. The MOSFET and choke 
charge the capacitor in a typical boost 
manner with high-frequency switch- 
ing. The cufTfflit kvel that the tfhOke 
draws during each pulse follows the rec- 
tified ac waveform. Specialized power- 
factor-correction-controller ICs per- 
form the control function. The circuit 
feeds the IC with a rectified a€ voltage 
signal, the output-voltage sense signal 
(capacitor voltage), and a current-sense 
signal. 

The IC internally creates an error sig- 
nal by amplifying the difference 
between the output-voltage sense sig- 
nal and a reference voltage. The IC then 
multiplies this error signal by the recti- 
fied ac voltage, compares this signal to 



the current-sense signal, and uses the 
result in the PWM circuit to shape the 
current waveform. EMI filtering is nec- 
essary to reduce the conducted noise 
'that fte bmst ctreult causes. The boost 
topology allows for operation over a 
range of line-input voltages from 85 to 
264V ac. 

The main converter is still necessary 
to isolate tht mains-connected clmJlt 
and step down the voltage. The 400V- 
dc voltage is a convenient level because 
the filter capacitor can be smaller than 
when a bus voltage is 322V (energy=V2 
so C=2x energy A'^), and the high- 
er voltage reduces the main converter's 
MOSFET current. One disadvantage of 
the active approach, in addition to the 
increased parts count, is that the power 
switches twice, whiEh adds soae bt^©* 
ciency. 

Add battery backup 

In medical systems, it is often impor- 
tant to have battery-operation capablH- 
ty to protect against the loss of ac 
power. Patient bedsides usually have an 
ac outlet that is backed up by the hos- 
pital's own emergency generator. These 
outlets are Innitedf M tiMrlfer, and only 
the most critical -equipment caB be m 
this service. 

Many hospitals have a schedule to 
test the generator weekly by manually 



PC^ER-RACTOR CORRECTION 

Thus, P¥ is an indicator of how dose the 
apparent power is to tiie real power. A 
PF of 1.0 is ideal for the power system. 
More stress than necessary is incurred 
by the power system when the PF is less 
than 1.0. 

You can calculate real power, P^^, as 
the average of the instantaneous prod- 
uct of voltage and current taken at each 
instance in time over the full period, T, 
as Miows: 



— f e»idt. 

■ tJo 



where e=voltage and i=current: 

A true rms power meter can measure the 

real power. 

The apparent power, P^^, is simply the 
product of the rms current measured 
over a full period and the rms volt*^ 
measured over the same period. 



Pa = Vr 



RMS- 



Tmc rms volt and current meters can 
measure and I^^,^. In the case of an 
uncorrected switching power supply, 
the current and voltage may be nearly 
in phase due to the capacitor charging 
near the peak of the voltage waveform. 
Using PF==CosO would misleadingly 
yield a PF of 1.0 when the PF may be 
?ey low indeed. 

Draw more power 

Power-factor correction allows a sin- 
gle instrument or a combination of 
instruments to draw more power from 
an outlet. You can add correction that 
suteJantially reduces the peak and rms 
currents by adding a power-factor stage 
within the offline power supply. To 
iffidEistancl tkm coaci^jt, it m h«lpful to 
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Passive components can implement 
power-factor correction for an existing 
offline supply. 
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Figure 3 
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Adding a power-factor-correction stage results in two power conversions between 
the ac-mains voltage and the load. The power-factor-correction stage reduces the 
rms current that the supply draws from the mains and mains-attached devices. Note 
l^at this sdieme does not include a voltage doui^er. 



understand a ifew definitions. First, 
P.. Pr 



PF - 



^ OUT/ II 



where t] is the efficiency of the supply 
and in=Poyp/P|^. Rearranging the terms 
ykJds; 
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An uncorrected 750W supply operating 
on a 120V-ac line with an efficiency of 
75% and a PF of 0.65 would require that 



750W 



0,75 •0.65 •120V 



12.8A RMS. 



This level of current presents a prob- 
lem to the OEM manufacturer — the 
user of the supply. Safety limits estab- 
iished by the National EJectric Code 
require that a device on a mains service 
operate at 80% or less of the maximum 
current. Thus, for a common 15A ser- 
vice, a device must draw less than 
0.8X15A, or 12A. 

With no design change, the 750W 
device would require a 20A plug, which 
would rule out ISA-service markets. 
The designer could attempt to make the 
supply more efficient unless this opti- 
mization has already been performed. 
Adding a power-factor-correction stage 
(Figure 3) allows the usage of a ISA 
plug and smaller fuses and EMI-filter 
components. It also permits more 
devices to plug into the same 120V-ac 
service. 

Adding a power-factor-correction 
stage decreases the efficiency of the sup- 



ply but provides the benefit of lowering 
of rms currents. Typically, a PF stage is 
92% efficient. Efficiency losses result 
from housekeeping currents that are 
necessary to operate the PF stage and 
from the IR losses in the power-factor- 
correction switch-mode FET. You modi- 
fy the efficiency term for the supply sys- 
tem by multiplying the PF stage 
efficiency by the converter efficiency: 
System efficiency=PF-stage efficiency x 
converter efficiency. For this example, 
system efficiency=0.92 x 0.75M). 69. 

The added power-factor-correction 
stage can easily increase the power fac- 
tor from 0.65 to 0.95. Even levels of 0.97 
to 0.99 are attainable. With this infor- 
mation, you can determine the rms cut- 
rent level for the corrected /SOW sup- 
ply, with Ti=0.69 and PF=0.95: 

750W 



RMS 



0.69 • 0.95 •120V 



:9.53ARMS. 



The 9.53A rms is well below the 12A 
limit set by the National Electric Code 
and now even allows the equipment to 
use a standard 12A cord set with an lEC 
320-style plug. 

Power-factor correction 

Power-factor correction is necessary 
because of the incongruity between the 
type of power a main converter needs 
and the type of power the ac mains has 
to offer. Often, the standard main con- 
verter has a forward topology to regu- 
late a mains-isolated 5V-dc output. The 
power-supply designer must select the 
converter's frequency of operation, a 
switching transformer, and an output 
choke based on the input dc voltage. 
For this PWM scheme to work, the dc 
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A unique topology implements both power-factor correction and ball%«Fy>bMlted captybStty wdif Wm ^Qe^ 0f €«m&- 
sion instead of the more typical three-stage design. 



starting the generator and then switch- 
ing over from the power-company 
mains to the generator. The generators 
are expected to start up and produce 
power within 10 Seconds. These switch- 
over tests prodwce momentary power 
sags and voftage transients. The genera- 
tor start-up test causes power losses and 
sometimes is unsuccessful. Problems are 
much wocse to TTikd World countries 
tiiat lack a sound power-utility infra- 
stTuctuie. Because of these power quali- 
ty problems, it is extremely advanta- 
geous to have battery-backed capability. 

Typically, a battery-backed system 
has a circuit that boosts the battery volt- 
age to the 400 V-dc bus. A circuit detects 
the loss of ac power and activates the 
boost circuit. Many systems with 
power-factor correction have a boost 
stage for harmonic-current minimiza- 
tion, a second stage to boost the battery 
voltage, and a third converter to trans- 
form the 400V-dc to the secondary out- 
puts. 

Condor DC Power Supplies (www. 
condorpower.com/~condordc) a man- 
ufacturer of medical supplies, uses a 
unique topology that eliminates one of 
these stages. The design uses a flyback 
transformer, rather than a choke, to 
store the energy when the MOSFET is 



on (Figure 6). The circuit mutually cou- 
ples the inductive energy to the sec- 
ondary and stores the energy in a 
capacitor at a 33V-dc level. Closing the 
loop using optical feedback to the 
power-factor-coBtroller IC tegulate* 
the 33V bus. 

The 33V bus can supply power to a 
buck circuit for a single supply or can 
power a forward-converter stage with 
multiple isolated outputs. The 33V bus 
can also supply power to a charger cir- 
cuit to recharge the 24V backup battery. 
You can diode-OR the battery into the 
33V bus. When the ac power fails, the 
bus discharges toward 24V, at which 
point a smooth transition to battery 
power occurs. 

As customers and OEMs realize the 
advantages of power-factor correction, 
they will specify this technique more 
often for offhne switching supplies. 
Although the previous use of power-fac- 
tor correction has been limited primar- 
ily to supplies greater than 750W, 
powei-rfoctar mtJectiofl will become 
more common with the need to 
improve growing power-quality prob- 
lems. Compliance with the EN61000-3- 
2 specification will force companies 
selling into the European Union to use 
power-factor correction. Reviewing 



EN61000-3-2 for specific levels is rec- 
ommended, and any new medical 
power supply designs for the European 
Union should plan compliance now, 
because of th« lenfthy dcvelopsnent 
Process. HH 
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